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Key words: Irf6; cleft palate; mouse; ENU mutagenesis; craniofacial development Nonsyndromic orofacial clefts are among the most common human congenital disorders, occurring in one to two per thousand live births (Mossey and Little, 2002) . Orofacial clefting occurs as both isolated nonsyndromic cleft lip with or without cleft palate (NSCL/P) or as part of a clefting syndrome, in which other anomalies are associated with the clefting phenotype. A large number of studies, including genome scans for linkage and association studies with candidate genes, have been carried out with the intent of identifying the genes responsible for cleft palate (CP) and cleft lip and palate (CL/P) (Vieira et al., 2008) .
One of the mutant loci proven to be a monogenic cause of orofacial clefting in humans is IRF6, for which mutations have been found in Van der Woude syndrome (VWS; MIM 119300) and Popliteal Pterygium syndrome (PPS; MIM 119500). VWS is the most common syndromic form of clefting, but its phenotypic similarity to NSCL/P, which differs only by the presence of bilateral lower lip pits, led to subsequent studies that uncovered a common haplotype associated with IRF6 that accounts for 12% of the genetic contribution of all common forms of CL/P across populations (Kondo et al., 2002; Schutte et al., 2000; Zucchero et al., 2004) . More recently, a common SNP that disrupts a TFAP2A transcription factor binding site in highly evolutionarily conserved region upstream of the IRF6 transcriptional start site was shown to be associated with cleft lip only (Rahimov et al., 2008) . PPS cases exhibit orofacial anomalies similar to VWS cases, but may present with a mixture of oral adhesions, eyelid adhesions (ankyloblepharon), pterygia, syndactyly, and genital anomalies as well. Null and knock-in mutant alleles of Irf6 in the mouse exhibit CP that likely occurs secondary to abnormal oral adhesions (Ingraham et al., 2006; Richardson et al., 2006) .
The initial report of etiologic IRF6 mutations in human VWS and PPS families by Kondo et al., suggested a genotype-phenotype correlation (Kondo et al., 2002) . Nonsense or frameshift mutations that result in the premature termination of IRF6 were significantly more common in VWS. VWS missense mutations were evenly distributed throughout IRF6 and the DNA-binding and protein-binding domains, whereas PPS missense mutations were almost exclusively located within the DNAbinding domain and, more specifically, altered amino acids predicted to directly contact DNA.
The development of robust tools for genomic analysis in the mouse has facilitated the use of forward genetics as a method to isolate new mutations in an unbiased man- Here we report the cloning and characterization of clft1, an ENU-induced mutant allele of Irf6. We show that the clft1 mutant phenotype is caused by a missense mutation that alters the Proline-39 amino acid residue, which has also been found to be mutated in a human VWS family (Kondo et al., 2002) . Phenotypic characterization of the cleft palate, skeletal and skin phenotypes suggests that clft1 is a hypomorphic allele of Irf6 and a potential model of VWS.
RESULTS

Clft1 Mutants Have Cleft Palate Defects
We recovered the cleft palate 1 (clft1) mutation in an ENU mutagenesis screen in the mouse designed to identify recessive mutations that model human congenital defects. We have previously described this strategy in which we examine potentially mutant embryos at embryonic day (E) 18.5 (Herron et al., 2002) . This is one day before birth, facilitating the recovery of mutants with defects such as craniofacial clefting, which might be perinatal lethal and consequently not readily ascertained at post-natal stages. Clft1 mutants were easily detected during our screening because we were unable to open their mouths to assess secondary palate fusion. Further analysis revealed that the tongue was abnormally adhered to the roof of the mouth. Upon removal of the mandible and tongue to examine the palate, we observed two classes of cleft palate in homozygous clft1 mutants. The first class of mutants has partial fusion of the palate shelves in the anterior (7/11 animals examined both histologically and in whole mount; Fig. 1b,i) . Remaining mutants show a complete cleft of the secondary palate (4/11; Fig. 1c ).
We performed a histological analysis of the clft1 mutant. At E16.5, wild-type embryonic palatal shelves have undergone normal elevation and fusion above the tongue to create a distinct oral cavity and nasopharynx ( Fig. 1d-f ). Clft1 mutants, however, have severe defects with aberrant epithelial adhesions throughout the oral cavity. In the posterior palate, clft1 palatal shelves have failed to elevate and are fused to the lateral aspects of the tongue (Fig. 1g) . In the mid-palate region, the palatal shelves are still fused to the tongue but show partial elevation (Fig. 1h) . In the anterior secondary palate, the majority of mutants had normal palate shelf elevation and fusion, although the inferior aspects of the palate shelves remained fused to the dorsal tongue (Fig. 1i) . Thus, we conclude our inability to open the mouths of clft1 mutants is the result of the abnormal adhesion between the tongue and oral epithelium (Fig. 1j,k) .
By E14.5, wild-type palatal shelves normally show complete elevation above the tongue and apposition with the presence of an epithelial seam (Fig. 2a-c) . In contrast, at E14.5 mutant palate shelves have not elevated and were adhered to the sides of the tongue posteriorly (Fig. 2d) . In the mid-palate region, the palate shelves have elevated but are tethered by epithelial fusion with the dorso-lateral tongue (Fig. 2e) . As noted above, some embryos show palate fusion in the anterior region (Fig. 2f) . Palate shelf elevation cannot be assessed prior to E14.5, but the presence of oral adhesions between the palate and tongue are evident in E12.5 and E13.5 clft1 mutants ( Fig. 2g-j; 4/4 mutants, data not shown). We have comprehensively examined six heterozygotes histologically at these stages and have not observed any abnormal phenotypes. We have examined over 25 heterozygous animals with no incidence of clefting.
Cloning of the clft1 Mutation
Our initial genome scan to map the clft1 mutation localized the mutation to a 14.7 Mb interval on distal chromosome 1. Phenotypic similarity between clft1 mutants and existing mouse mutants in Interferon regulatory factor 6 (Irf6) suggested Irf6 as a candidate gene. Genomic sequence analysis of the Irf6 locus in clft1 mutants revealed a missense mutation altering the thirtyninth amino acid of the protein, a highly conserved proline, to a leucine (see Fig. 3 ). Quantative RT-PCR analysis did not reveal differences in Irf6 transcript levels between wild-type and clft1 embryos, consistent with a missense mutation. Of note, this same residue is mutated in a family with Van der Woude syndrome (Kondo et al., 2002) .
The clft1 Mutant Is a Hypomorphic Allele of Irf6
Two mouse mutants have been generated to study Irf6 loss of function in the mouse (Ingraham et al., 2006; Richardson et al., 2006) . Both of these mutants have cleft secondary palate and epidermal adhesions in the oral cavity, as well as skeletal defects. The oral epidermal adhesions observed in clft1 mutants appear to be less severe than those observed in the previously reported Irf6 mutants (Ingraham et al., 2006; Richardson et al., 2006) . The palate shelves in these alleles show complete adherence to the tongue and oral epithelium and never elevate (B. C. Schutte, personal communication). We commonly see partial palate shelf elevation, although they always remain adhered to the tongue. Both of the previously described mutant lines have defects in epidermis development: specifically, failure of terminal keratinocyte differentiation. To further examine the similarity of our Irf6 clft1 allele to these other Irf6 mutants, we performed the toluidine blue dye exclusion assay to assess the integrity of the skin permeability barrier. The barrier forms around E16 in the mouse in a pattern where the dorsal side is the first to become impermeable with skin differentiation proceeding ventrally (Hardman et al., 1998) . At E16.5 none of the embryos of any genotype we analyzed had formed the permeability barrier (n 5 8; data not shown). At E17.5, we found a range of dye exclusion patterns. Wild-type embryos were largely impermeable but some had slight uptake of the dye in the craniofacial region, indicating incomplete barrier formation (Fig. 4a,b) . Clft1 mutants (n 5 4) showed complete barrier formation dorsally but exhibited some variability in the progression of the barrier ventrally (Fig. 4b,d ). At E18.5 all mutant embryos had no observable difference in dye exclusion as compared to wild-type controls (n 5 5; Fig. 5c and data not shown). We further examined the skin histologically and saw no differences in skin differentiation between mutants and wild-type, and the cornified layer appears present in all sections examined (data not shown).
We did observe a low incidence of skeletal abnormalities in Irf6 clft1 mutants. We observed 31 mutants between E16.5 and E18.5 and detected skeletal abnormalities in four embryos. One mutant had very short forelimbs (Fig. 5b ) and a curly tail; a second had hind limbs that appeared fused to the body. Two more mutants showed fusion of middle digits (syndactyly; Fig.  5c ). To determine if these were due to underlying skeletal abnormalities, we performed skeletal preps to highlight embryonic bones and cartilaginous elements. All long bones appeared normal: the embryo with apparent hind limb fusion had all appropriate skeletal elements. The syndactyly phenotype, however, was not just an epithelial abnormality. Rather, we observed three mutants with fused elements of the third and fourth proximal and intermediate phalanges (Fig. 5e,f) . The mild skeletal defects and the lack of a skin permeability defect suggest that the Irf6 clft1 allele is a hypomorphic mutation in Irf6. 
DISCUSSION
Human IRF6 mutations cause two allelic autosomal dominant mixed clefting type syndromes: VWS and PPS, in which clefts of both the primary and secondary palates may be observed even within families. Recently, two Irf6 mutant alleles were reported that partially model the VWS and PPS phenotypes and identified a role for Irf6 as a key determinant of the keratinocyte proliferation-differentiation switch. Embryos homozygous for a gene trap null allele (Ingraham et al., 2006) have defects in stratified epidermis formation, skeletal defects secondary to the skin defect, cleft secondary palate, and epidermal adhesions in the oral cavity. These oral adhesions are found at much reduced frequency in heterozygous embryos. Interestingly, the cleft palate in the homozygous embryos seems to be a defect in elevation of the palatal shelves. A second knock-in allele has been made with a mutation identical to that found in PPS patients (Richardson et al., 2006) . These have a highly penetrant heterozygous phenotype of mild intraoral adhesions between the ventral surface of the tongue and the mandible, but no cleft lip or palate. In the homozygous state, the mutation causes similar defects in skin development and cleft secondary palate due to abnormal adhesion between the palate and the tongue. The Irf6
clft1 mutant allele appears to be a milder allele than either previously reported for Irf6. We observe no gross defects in skin development (as determined by the permeability assay), and only rare expression of more severe phenotypes, including a loop tail and forelimb defects (Fig. 2b) . We observe no defects in heterozygous mice, and a significant fraction of clft1 mutants with cleft palate show anterior secondary palate shelf elevation and fusion, which is never seen in more severe Irf6 mutant alleles. This finding is contradictory to our expectation that palate shelf fusion would not occur if palate shelf elevation could be uncoupled from the oral adhesions, based upon the fact that human VWS and PPS cases exhibit palate and lip fusion defects in the absence of severe oral adhesions. This observation is similar to that found for the PPS-like Irf6 R84C heterozygous mice, in which multiple intraoral adhesions occur but palate fusion is complete.
The difference in allelic expressivity may be due to differences in genetic backgrounds. Previously published Irf6 alleles were on a mixed 129, C57BL/6 background (Ingraham et al., 2006; Richardson et al., 2006) , and our allele is on a mixed A/J, FVB background. As such, we cannot formally exclude strain-specific modifier effects contributing to these phenotypic differences.
The coding mutation in the Irf6 clft1 allele is in the Proline-39 amino acid that is mutated in a family with VWS. Biochemical studies have shown that the majority of VWS and PPS mutations that alter amino acids within the IRF6 DNA-binding domain abrogate binding to the IRF6 target DNA binding sequence motif, regardless of whether they make contact with DNA (Little et al., 2009) . The Proline-39 residue is not predicted to make direct contact with DNA (Kondo et al., 2002) , but alteration of a proline within the IRF6 DNA-binding domain, which contains three a-helices, is likely to perturb its conformation. However, while the Irf6 clft1 carries the same mutation as found in an affected human family, it does not appear to have cleft palate as a primary defect. Nonetheless, the Irf6 clft1 hypomorphic allele is the first to contain a specific human VWS-like point mutation and will facilitate the molecular and biochemical study of its etiology in mice. 
METHODS
Mouse Husbandry
Animals were maintained as a mixed A/J, FVB stock. The allele was isolated in an ENU mutagenesis experiment in which A/J males were mutagenized and outcrossed to FVB females. Upon isolation of the clft1 mutation, the colony was maintained by a combination of intercross and outcross to FVB. Matings were monitored and noon of the day of copulation plug was determined to be E0.5. Routine genotyping was performed with an RFLP marker at ch1:193.1 Mb (F primer: CCTTGGAG AGGTTCCTCC-TATT; R primer TTACAGCGGGGCTACA TTTAAG) which amplifies a polymorphic SNP identified with the use of the SNP2RFLP internet utility (http://genetics.bwh.harvard.edu/snp2rflp; Beckstead et al., 2008) . Digestion of the resulting PCR product with RsaI enzyme cuts the AJ allele but not the FVB allele. All animals were maintained in accordance with HMS IACUC guidelines. These mice are available to the research community through The Jackson Laboratory (JAX Stock Number 0012655).
Genetic Mapping
An initial genome scan was done with multiple mutant embryos using a 768 marker whole genome SNP panel to identify a region of shared A/J homozygosity among mutants, similar to method described previously (Moran et al., 2006) . Irf6 was a candidate gene in the genetic interval found to carry the clft1 allele and subsequent exon-directed sequencing of tissues from clft1 mutants identified the mutation.
Histology and Other Molecular Analyses
Samples for histological anlaysis were fixed in Bouins fixative, prepared using a Leica TP1020 automated tissue processor, sectioned at 14 lm and stained using established protocols. Skeletal preparations and the toluidine permeability assay were as described (Hardman et al., 1998; Hogan et al., 1994) . For qPCR analysis, total RNA from embryos was prepared with TRIZOL reagent, cDNA was prepared with the qScript cDNA supermix (Quanta). PCR analysis was with Pefecta SYBR Green Supermix (Quanta) and performed on a BioRad iCycler. Primers were: Irf6-F (CATGCCATTTATGCCATCAG), Irf6-R (AAAAGGCGGCTGCTTCTCTA), Gapdh-F (ACTCCACT CACGGCAAATTC), and Gapdh-R (TCTCCATGGTGGT GAAGACA).
